Introduction
Immunoglobulin A (IgA) is the major class of antibody present in mucosal tissues of mammals.
IgA constitutes a key defense mechanism against invasion by inhaled or ingested pathogens. IgA is also found at significant concentrations in the serum of many species, where it mediates the elimination of pathogens that have breached the mucosa [1] .
Among the various mucosa-associated lymphoid tissues (MALTs), IgA-producing cells are present in highest numbers in gut-associated lymphoid tissues (GALTs) constituted by Peyer's patches (PPs), isolated lymphoid follicles (ILFs) and solitary intestinal lymphoid tissue (SILT) [2, 3] . B cells, present in the B-cell follicles of such organized structures, form germinal centers (GCs) upon antigen encounter. Under the influence of various cellular and molecular factors -T cells and cytokines for instance -these B cells are thought to switch from IgM to IgA [4] .
Multiple pathways of IgA induction have been reported. The T-cell dependent (TD) pathway of IgA induction is well known and, it is clear that IgA can also be induced in T-cell independent (TI) manner (e.g. in T-cell deficient mice, CD40 -/-mice, CD28 -/-mice etc.) [5] [6] [7] .
However, the precise contribution of TD and TI pathways to IgA production is not known.
An important contribution of B-1 cells to TI responses has been suggested [6, 8, 9] .
Peritoneal cavity (PEC) B-1 cells have also been claimed to contribute significantly to IgAproducing plasma cell (PC) pool in the lamina propria (LP) of the gut [6, 10, 11] . Importantly, according to phenotype, origin and function, PEC B-1 cells can be divided into B-1a and B-1b subpopulations [12, 13] . with B-1a cells except CD5. With respect to differential contribution of these two B-1-cell subtypes to IgA production, recently, we could show that most of the IgA-secreting cells in the PEC of unmanipulated mice belonged to B-1b-cell subpopulation [14] . Additionally, IgA derived VH regions from B-1b cells also contained frequent single nucleotide exchanges indicative of somatic hyper mutation (SHM) [14] . Thus, a contribution of PEC B-1b cells to IgA production and hence to gut-associated immunity is quite likely. However, in spite of evidential suggestions for the contribution of B-1 cells to the intestinal PC pool, their contribution under nonmanipulated conditions remains uncertain. This is partly due to the lack of appropriate markers to distinguish PCs according to their origin. In this context, a sequence based approach to address this question should become very useful.
In the present work, to investigate the participation of PEC B-1 cells in the gut-associated IgA production we have made use of the transgenic mouse model known as the L2 mouse line [15] .
Mice of this line are characterized by the expression of a transgenic λ light chain obtained from the plasmacytoma MOPC315 (λ2
315
). PEC of these mice contains almost exclusively CD5 + B-1a cells, while the development of conventional B-2 cells in bone marrow (BM) is inhibited [15] .
MZ B cells are also present in the spleen of L2 mice in addition to B-1a cells [16] .
The sequencing of transcribed heavy chains from PEC B-1a cell pool of L2 mice showed pronounced oligoclonality. In addition, some repertoire dominating sequences could be found repeatedly in different mice [17, 18] . Thus, a substantial fraction of B-1a cells expresses identical
BCRs on their surface providing an excellent molecular marker for such cells. This particular trait of L2 mice was used here to establish the presence of B-1 cells in gut-associated tissues of L2 mice.
Results

The number of B cells in the PPs of L2 mice is reduced
After their development in BM, conventional B cells migrate to secondary lymphoid organs for further maturation in B-cell follicles. However, due to blocked development of B cells in the BM, L2 mice show considerable reduction in the number and percentage of B cells in spleen and lymph nodes [17] . Consistently, in comparison to non-transgenic (NT) littermates, the percentage of total B cells (CD19 + ) in the PPs of L2 mice was reduced by four-to five-fold (Fig. 1A) . In terms of absolute numbers of B cells in the PPs of these mice, a 30-40 fold reduction was observed while total cellularity as well as the overall size of the PPs was also reduced in comparison to NT controls (Fig. 1B) . Additionally, the percentage of IgM expressing B cells was approximately six-fold lower ( Fig.1A and 1B) . Notably, approximately 70% of total B cells in the PPs of L2 mice were observed to be positive for the transgenic  light chain (data not shown). indicating that the remaining CD19 + CD43 + B cells might be B-1b cells.
In contrast to the perturbed B-cell compartment in the PP of L2 mice, the percentage of T cells
showed a relative increase by approximately three-fold (Fig. 1A) although the absolute number of T cells was decreased significantly (Fig. 1B) . BM chimera study done after adoptive transfer of a mixture of bone marrow from L2 mice and normal congenic Thy1.1 mice showed a normal development of T cells of L2 origin (Supporting Information Fig. 1A-D) .
Germinal centers are formed in the PPs of L2 mice
B-2 cells represent the major subset of B cells recruited into the GCs of GALT in normal mice and humans [19] . On the other hand, B-1 cells are present at very low percentages in the PPs of mice [20] . Hence, to investigate the effect of B-2 cell deficiency on the GC formation, cell preparations from PPs of L2 mice were stained with peanut agglutinin (PNA), which binds to germinal center B cells [21] . A significant percentage of CD19 + PNA + B cells were observed in the PPs of such mice (Fig. 1A) . IgA-positive B cells constituted a major proportion of such GC B cells (Fig. 1A) . Comparatively, a very small fraction of IgM + B cells was found to be positive for PNA (Fig. 1A) . This is consistent with the finding by Casola and Rajewsky [19] , who reported the occasional presence of GCs in the PPs of LMP2A knock-in mice with B-1 cells as the predominant B-cell population.
Histological sections of PPs of L2 mice showed an anatomy that was comparable with that of NT mice (Fig. 1B) . However, consistent with flow cytometric analysis, the number of IgM + cells appeared to be reduced in the follicular region ( Fig. 1A and 1B ).
Peritoneal B1a cell-associated specificities are found in the PP of L2 mice PEC B-1 cells have been claimed to migrate to LP where they take part in IgA production [6, 22, 23 [17] . All these sequences, which were found to be identical to PEC B-1a-derived sequences, lacked the presence of N/P nucleotides at the V-D/D-J junctions, (Table 1) representing another characteristic of many B-1-cell-derived VH sequences.
On the other hand, analysis of 17, 9 and 17 IgAVH sequences derived respectively from bulk 
IgA-expressing B cells are reduced in the LP of L2 mice
LP is considered the main effecter site where the final differentiation of IgA + B cells to IgAsecreting PCs takes place [24] . BM-derived B-2 as well as PEC-derived B-1 cells have been suggested to be the origin of these IgA-producing plasma B cells [6] . To study the status of the B- common to all the three compartments (Fig. 4) . Though some of the SC derived sequences from PEC and PP were found repeatedly, each of LP derived sequences was unique. Comparison of 63 of these sequences with 56 LP derived IgMVH sequences showed the presence of 3 sequences which were found to be present in both compartments (Table 1 , Sort IV).
Interestingly, a few among the PEC B-1b-cell-derived IgMVH sequences also showed single nucleotide exchanges characteristic for SHM and out of 63 IgMVH sequences only one lacked N/P nucleotides at V-D/D-J junction (data not shown).
When tested for the specificity towards gut bacteria, the Ig derived from sorted PEC B1a and B1b cells as well as secretory serum Ig from L2 mice showed a binding comparable with that of NT controls (Supporting Information Fig. 2A-C) . According to these criteria, the CD3 -B220 -lymphoid population was bulk sorted from the LP of L2 and age-matched NT mice and used for the PCR amplification of IgA and IgMVH transcripts.
Analysis of LP PC-derived IgA and IgM VH sequences of L2 mice
The analysis of such IgAVH sequences from L2 mice showed an extensive presence of N/P nucleotides at the V-D and D-J junctions in almost all of the analyzed sequences ( Fig. 5 and Table 2 ). The frequencies of N/P nucleotide additions at the V-D and D-J junctions in these sequences were comparable to that of NT mice (Table 2 ). In addition, SHM was observed throughout the IgAVH regions (Fig. 5) . All of the analyzed IgAVH sequences from LP PCs of L2 mice (33 out of 33) showed the presence of nucleotide exchanges. In comparison to NT mice, the sequences from L2 mice were less heterogeneous. In case of L2 mice 11 out of 33 sequences (33%) were found repeatedly whereas, in case of NT mice, only 6 out of 42 sequences (14%)
were found repeatedly (data not shown).
The PC derived IgMVH repertoire of L2 mice appeared to be rather non heterogeneous. A high percentage of IgMVH sequences were found repeatedly (6 out of 14). Nucleotide exchanges were also found (data not shown). However, the frequency of mutation was lower among these sequences than for IgA. Only 6 out of the 14 different sequences showed the presence of nucleotide exchanges.
Out of 14 analyzed IgMVH sequences derived from LP PCs of L2 mice, two matched with IgMVH sequences (B1b1 and B1b2) derived from PEC B-1b cells of L2 mice (Table 1 , Sort IV).
Discussion
Evidence for the contribution of B-1 cells to the intestinal B-cell compartment is several-fold [6, 10, 26] . However, due to the complexity of the cell markers to distinguish particular B-cell subpopulations, the evidences provided thus far should not yet be considered conclusive. For instance, total PEC cells were taken [26] or IgM hi cells were sorted and used for transfer [6] . In both cases, one could argue that B-2 cells were present in significant numbers in the donor cell population. Similarly, using B-1-cell-specific cellular markers also does not solve the problem as such markers might be down regulated under certain circumstances or up-regulated under others [27] . Hence, we argued that the only unchangeable marker for a B cell is its receptor. A high heterogeneity was observed amongst IgA-producing PCs indicating a strong selection and extended diversity. This was obviously amplified by somatic hypermutation. All of the VH sequences derived from IgA-producing PCs displayed nucleotide exchanges. In addition, some of the VH sequences associated with IgM also displayed SHM. In agreement with the current view, fewer nucleotide exchanges were found for such VH regions since such clones are supposed to be less expanded and had less chance to mutate. Since B-1 cells were originally claimed not to be able to undergo isotype switching and SHM, our finding was surprising. However, more recently, PEC B-1b cells were shown to differ severely from B1a cells. They could be shown to differentiate into memory B cells [8] . In addition, we could show that in PEC a subpopulation of B-1b cells exists that expressed AID which apparently resulted in class switch to IgA and SHM [14] . Therefore, it is clear that such cells in the appropriate microenvironment are able to differentiate in a fashion similar to B-2 cells and contribute to IgA-producing PCs. This IgA-producing LP PCs of L2 mice could be observed. This is obviously owed to the extreme diversity amongst such VH specificities [30] . The repertoire restriction inflicted by the transgenic light chain observed for the B-1a-cells, does not hold for the B-1b-cells. Therefore, likelihood of a contribution by B-1b cells to the PC pool in the LP seems to be very high, despite the absence of a repertoire overlap.
In conclusion, in the present work, additional important knowledge on the physiology of B-1 cells could be revealed. The L2 mice remain a valuable tool that will further contribute to the understanding of this still enigmatic B-cell subpopulation.
Materials and methods
Mice: Heterozygous L2 [15] mice and NT littermates on BALB/c background were used at 8-14
weeks of age for all the experiments. Transgenic progenies were identified by PCR, using tail biopsies and transgene specific primers [25] . Rag1 -/-mice on BALB/c background used for adoptive transfer were from our animal facility ( Reanalysis showed that cells were >90% pure. [18] .
Sequencing of IgVH chain and sequence analysis: Sequencing of IgVH chain and sequence
analysis was done exactly as described previously [14] . BrdU treatment and histology of paraffin embedded tissues: BrdU purchased from Sigma (B5002) was given in drinking water at a concentration of 0.6 mg/ml for a period of 6 weeks.
Mice were analysed after one or 6 weeks. Intestine was taken out, flushed with PBS,and then cut into 1cm long pieces, fixed for two hours in Bouin´s solution (Sigma Aldrich). Afterwards, they were embedded in paraffin. Using BrdU labelling kit (Immunohistochemistry System, Calbiochem), 4µm thick intestinal sections were stained for BrdU. Biotin was revealed using 
